ABSTRACT: Impairment of flow by way of mineral scale formation is a major complication affecting production in the oil and gas industry. Soured reservoirs contain hydrogen sulfide (H2S) that can prompt the formation of exotic metal sulfide scales, leading to detrimental fouling that can negatively impact production. The contrast in the mode of precipitation (solid formation from liquid solution) and deposition of both sulfide scale and conventional inorganic carbonate and sulfate scales is herein examined. Design of an experimental rig allowing diffusion of H2S gas into the brine phase of a sealed reaction vessel, resulted in a realistic representation of scaling processes occurring within sour reservoirs. Multiphase conditions, induced by introduction of a light oil phase to scaling brine within a turbulent regime, aimed to study the effect of oil and water wetting on pipeline fouling. Performance of a range of anti-fouling surfaces was determined through measurement of scale deposition by gravimetry and microscopy techniques. Under conditions modelled to reflect a typical H2S-containing reservoir, the contrasting scaling mechanisms of conventional calcium carbonate (CaCO3) and barium sulfate (BaSO4) scales when compared to lead sulfide (PbS) scale, highlighted the critical role of the light oil phase on deposition.
ABSTRACT: Impairment of flow by way of mineral scale formation is a major complication affecting production in the oil and gas industry. Soured reservoirs contain hydrogen sulfide (H2S) that can prompt the formation of exotic metal sulfide scales, leading to detrimental fouling that can negatively impact production. The contrast in the mode of precipitation (solid formation from liquid solution) and deposition of both sulfide scale and conventional inorganic carbonate and sulfate scales is herein examined. Design of an experimental rig allowing diffusion of H2S gas into the brine phase of a sealed reaction vessel, resulted in a realistic representation of scaling processes occurring within sour reservoirs. Multiphase conditions, induced by introduction of a light oil phase to scaling brine within a turbulent regime, aimed to study the effect of oil and water wetting on pipeline fouling. Performance of a range of anti-fouling surfaces was determined through measurement of scale deposition by gravimetry and microscopy techniques. Under conditions modelled to reflect a typical H2S-containing reservoir, the contrasting scaling mechanisms of conventional calcium carbonate (CaCO3) and barium sulfate (BaSO4) scales when compared to lead sulfide (PbS) scale, highlighted the critical role of the light oil phase on deposition.
Whilst conventional scales showed deposition by both crystallization and adhesion onto surfaces, the thermodynamic driving force for PbS prompted rapid bulk nucleation, with adhesion acting as the overwhelmingly dominant mechanism for deposition. The results showed that the addition of a 5% v/v light oil phase had a profound effect on scale particle behavior and deposition onto anti-fouling surfaces of varying wettability as a result of two processes. Primarily, the oil wetting of hydrophobic surfaces acted as a barrier to deposition; and secondly, adsorption of scale crystals at the oil/water interface of oil droplets within a turbulent oil-in-water emulsion, resulted in adhesion to hydrophilic surfaces after impaction. It is therefore proposed that sulfide scale, typically deposited in the upper regions of production tubing, is driven by adhesion after formation of a PbS solid-stabilized Pickering emulsion. This contrasts with the commonly held view that metal sulfides precipitate and deposit similarly to conventional scales, whereby salts crystallize both directly upon surfaces and in the aqueous bulk phase as solubility decreases towards the wellhead.
INTRODUCTION
The consideration of zinc sulfide (ZnS) and lead sulfide (PbS) as a significant flow assurance challenge within the oil and gas industry is a relatively recent development; publications aimed at its inhibition and removal have occurred only within the last two decades. Whilst previous mitigation studies incorporating surface science have focused primarily on researching anti-fouling surfaces to prevent more prevalent carbonate and sulfate scales 1-3, the complications in oil and gas production associated with deposition of sulfide scales are becoming increasingly frequent in high temperature/high pressure (HT/HP) systems. As such, greater emphasis is now being placed on understanding the fundamental mechanisms that drive sulfide scale formation and deposition; and exploring the potential of anti-fouling surfaces to offer a more affordable solution to mineral scaling, both in terms of capital and operating costs.
Much of the work available in the literature published investigating ZnS and PbS deposition details the chemical inhibition of such scales, based on the reaction of hydrolyzed hydrogen sulfide (H2S) derived from sodium sulfide (Na2S) and a metal cation, resulting in immediate homogeneous precipitation of all reactants within the bulk liquid phase [4] [5] [6] . The toxic and corrosive nature of H2S gas even at low concentrations and complications that arise as a result, likely account for the limited usage of gas in previous sulfide scaling experiments. In this study, a new method and apparatus whereby H2S gas introduced into the air-space of an anaerobic reaction vessel, gradually diffusing into the aqueous phase before reaching equilibrium and dissociating into reactive bisulfide species, is employed. The procedure more closely reflects mechanisms and conditions during production within a sour production well, where PVT studies have shown that aqueous H2S concentrations reach up to approximately 55 ppm at equilibrium; and turbulent, two-phase flow conditions are generated in an anaerobic environment 7 .
Further experiments, contrasting the precipitation and deposition mechanisms of 'conventional' carbonate and sulfate scales onto anti-fouling surfaces, supplant current notions within the oil and gas industry that metal sulfides nucleate directly onto surfaces 6, 8 , instead highlighting the role of the light oil phase on homogeneous scale adhesion. The design and development of an airtight delivery vessel allowed 4 introduction of incompatible seawater and formation water brines under anaerobic conditions. Turbulence within the reaction vessel ensured that an oil in water (o/w) emulsion was created with the aqueous and light oil phase present within the system, modeling a multiphase flow within a production tubing line.
BACKGROUND

Scale formation
Carbonate scales are common and have the ability to form and build-up rapidly upon surfaces 9 . Whilst the formation of barium sulfate (BaSO4) scale, like metal sulfides, is prompted by the injection of sulfate containing seawater, calcium carbonate (CaCO3) can precipitate during the primary recovery phase.
Lead and zinc sulfide scale deposits have become a concern in a number of North Sea oil and gas fields, rich in both evolved H2S gas and formation metal ions 10 . 12 . Injected water used for pressure support can also enrich seawater with heavy metal ions from the formation 13 . Evolution of H2S gas within reservoirs can occur through both microbiological (souring) and geochemical means; a consequence of the increased activity of Sulfate Reducing Bacteria (SRB) and chemical reactions resulting from seawater injection, respectively 14 . The dissociation of H2S to its constituent anions in water can be seen in equations 4 and 5, with Pb 2+ cations within produced water reacting readily with sulfide based species to form PbS (galena), as seen in equation 6.
Concentrations of dissolved aqueous H2S in the produced water of North Sea oil wells have been recorded at levels as high as 55 ppm during production, yet it has been reported that concentrations as low as 2 ppm are sufficient to prompt formation of sulfide scale 8, 9 . Whilst both PbS and ZnS scales are rarely found in isolation, this contribution focuses solely on PbS deposition to simply and effectively characterize the metal sulfide scaling mechanism, and highlight the contrast between sulfide and conventional scales.
Precipitation of PbS crystals and the location at which they adhere to surfaces of production equipment or tubing is reported to be based upon changes in temperature, water chemistry, pH and residence time; in addition to the oil composition, characteristics and water-cut 13 . Cubic PbS crystals precipitated in the bulk phase have been reported to range from 20-100 nm, a result of the remarkably high initial saturation ratio (SRinitial) and nucleation rate allowing formation of thermodynamically stable nanometric particles 15, 16 .
Anti-fouling surfaces
Previous research in the area of sulfide mineral scale prevention has predominantly focused on chemical inhibition 5, 17, 18 , or physical removal through acid chemical treatment combined with mechanical methods 9 . As an alternative to batch injection or reactionary mechanical techniques, the use of anti-fouling coatings has been proposed as a way to drastically reduce the initial deposition and build-up of inorganic scales on surfaces [19] [20] [21] . This contribution investigates a number of proposed anti-fouling coatings with diverse physio-chemical parameters, variants of which are already implemented in downhole applications due to their high durability and fouling resistant properties. The wettability of anti-scaling surfaces, particularly in multiphase conditions, has been shown to be of particular importance with regards to the degree of inorganic scales deposited 22 . Table 1 lists the name and type of coatings evaluated within this study, as well as their general characteristics. Coatings F1, F2 and F3 are classed as hydrophobic (water contact angle over 90°) and the remainder hydrophilic (water contact angle below 90°). Table 1 Anti-fouling coatings and coating type
Particle behavior at the o/w interface
Sub-micron sized particles are prone to being trapped at interfaces between water/oil fluid phases, with the degree of attachment to the interface partly determined by both size and the resulting three-phase contact angle of a given particle as a result of particle-particle, particle-oil and particle-water interactions 23 . A particle has different contact angle characteristics based on its wettability at the oil/water interface, with hydrophilic or hydrophobic surfaces having a contact angle smaller or larger than 90° respectively, as represented in Figure 1 . Stability of a Pickering emulsion is ultimately based on the dielectric discontinuity between water and oil; overall particle charge; particle wettability as a function of both composition and size; and the effect of particle diameter on average droplet size and emulsion stability 24, [25] [26] [27] . 
Coating
Where IAP is ion activity product and Ksp is the solubility product of the scale forming species 28 . Table 2 Carbonate scaling brine composition Excess gas is fed into an activated carbon/alumina scrubbing system to remove H2S from the flow stream. alongside a bladed impeller, with both rotated at 400 rpm by overhead stirrers. CO2 gas was bubbled through the SW delivery vessel and the FW brine containing reaction vessel for one hour, ensuring anaerobic conditions in both incompatible brines before mixing, and was continuously fed into the reaction vessel throughout the experiment. Overpressure within the delivery vessel allowed flow of SW brine into the FW brine containing reaction vessel once a connecting valve was opened, initiating the experiment, before the valve was closed. The experiment run-time was 1 hour, after which the flow of CO2 was stopped and the anti-fouling coupons carefully extracted. Sample were then dried in a 60°C oven for a 24 hour period to evaporate excess water and oil on the coating surface, allowing any mineral deposits to dry.
CaCO3 and BaSO4 scaling tests
PbS scaling tests
A lead (II) chloride (PbCl2) brine was formulated and stirred thoroughly for 1 hour in 2 L of distilled water to fully dissolve the PbCl2 salt. Tests were run within an airtight reaction vessel, initially sparged with carbon dioxide (CO2) gas for a period of 2 hours to ensure anaerobic conditions during testing, preventing the formation of sulfates and the escape of H2S gas. Tables 6 and 7 show the brine composition and SRinitial for PbS scaling experiments. 50 mL of acetic acid buffer (48 mL 5M acetic acid and 452 mL of 5M sodium acetate in 1 L distilled water) was used to make up the PbCl2 brine, and maintained a constant pH of 5.2 within the reaction vessel, determined by pH probe. H2S gas. Post-experiment, the H2S/CO2 stream was stopped and the system flushed with nitrogen (N2) to fully remove H2S within the reaction vessel and feed lines into the scrubbers. As in CaCO3 and BaSO4 scaling experiments, sample coupons were removed and dried in a 60°C oven for a 24 hour period.
A Malvern Bohlin Gemini rheometer with cone and plate geometry of CP 1°/40mm measured the viscosity of the formed PbS Pickering emulsion across a range of shears from 0.01 Pa to 2 Pa at 20°C.
Hydrodynamic conditions
A bladed impeller was rotated at 400 rpm, necessary to create an emulsion within the reaction vessel when synthetic distillate was present. To propagate turbulence at the surface of the anti-fouling coupons, the shaft was rotated at 400 rpm, with hydrodynamic conditions represented in Table 8 representative of flow conditions within a single phase system. Rotating cylinder (RC) equipment, used extensively in corrosion and scaling research was implemented as flow becomes turbulent at very low rotational velocities, with (Re > 300) sufficient to create turbulence at the coupon surfaces 29 .
Pre-precipitated PbS scaling tests
After PbS multiphase experiments in the presence of synthetic light distillate, new anti-fouling coupons of the same type (REF; F1; F2; SG2) were attached to the mounting shaft, inserted into the system, and the experiment re-run in the pre-precipitated, post-experimental brine. All other parameters were kept identical, allowing the degree to which the adhesion mechanism of bulk precipitated PbS particles onto surfaces was pre-dominant to be established.
Parameter Value
Reynolds number (Re) 3374
Wall shear stress (Pa) 0.17
Surface velocity Ucyl (cm.s -1 ) 25.13 4. RESULTS
CaCO3 deposition in single phase flow
Calcite crystals can be seen to precipitate heterogeneously upon anti-fouling surfaces, characterized by clearly defined cubic and rhombohedral morphologies up to 20 microns (µ) in diameter, and x-ray diffraction (XRD). Limited secondary nucleation occurs upon calcite crystals, with further growth characterized by poorly defined, soft-edged CaCO3. From SEM images in Figure 5 , and EDX analysis, it is clear that larger halite (NaCl) crystal deposits act as nucleation sites for secondary calcite precipitation, incorporating into the lattice based on the well-defined cubic growth. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
From Figure 6 , it can be seen there is no correlation (R 2 = 0.1866) between water contact angle and mass gain upon surfaces, with fluoropolymer surfaces showing a marginally higher degree of surface scaling. Fluoropolymers tend to have rougher surfaces as a consequence of application and finishing procedures, providing a high number of nucleation sites, resulting in higher surface scale coverage in single phase systems. This can be seen in work by Charpentier et al. 21 , where fluoropolymer surfaces undergo significant scaling in turbulent, single phase carbonate and sulfate systems. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 pre-critical radii at the oil/water interface in multiphase systems increases the mass of conglomerates and therefore kinetic energy of collision; a similar phenomenon to that seen in single phase, whereby growth rate of crystals as a result of secondary nucleation has been shown to increase with rising shear rate 32, 33 .
From Figure 9 , the influence of presence of a light oil phase on depositional mass gain led to reversal of the trend seen in single phase CaCO3 systems, though correlation was still very weak (R 2 = 0.1906) .
Envelopment of the oil phase around fluoropolymer coatings reduced overall surface coverage of scale, an example of isolated nucleation seen on coupon F2 in Figure 7 . Whilst scaling was for the most part 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 prevented upon the F2 coupon surface, it is possible that imperfections act as nucleation sites, prompting heterogeneous nucleation that then culminates in an exponentially increasing rate of secondary nucleation confined to one site. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
From Figure 12 , there is no real correlation between coating water contact angle and mass gain (R 2 = 0.1234). All surfaces show near total surface coverage, though due to small crystal size the mass gain seen on surfaces is comparatively lower than with CaCO3 deposits. 
BaSO4 deposition in multiphase flow
In multiphase sulfate systems, in terms of the depositional pattern of scale on coupons in Figure 13 with homogeneously precipitated scale adsorbed at the oil/water interface building up and adhering on to pre-scaled areas through collision of BaSO4 and SrSO4 scale particle-encapsulated oil droplets. Figure 14 shows SEM images of homogeneously precipitated 'snowflake' shaped deposits that have precipitated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A more definitive correlation (R 2 = 0.4186) was observed for water contact angle vs. mass gain in sulfate systems ( Figure 15 ), than when compared to a CaCO3 based multiphase system ( Figure 9 ); with fluoropolymers showing less mass gain in general than hydrophilic surfaces. The higher the SRinitial of a mineral salt, the more probable it is that stable crystal nuclei will precipitate homogeneously within the bulk phase 34 . The mass gain on surfaces through adhesion of scale particles from within the bulk phase is more heavily influenced by the presence of a light oil phase than those that nucleate directly for two reasons. Firstly, fluoropolymer surfaces are wetted by oil within an o/w emulsion as a result of their hydrophobicity, forming an enveloping layer that shields the surface from scale within the brine phase.
Secondly, the adsorption of particles at the o/w interface of oil droplets (given that the particle is partially wetted) increases transport and deposition of homogeneously precipitated scale onto surfaces via droplet impaction. Due to the lack of an enveloping oil layer on hydrophilic surfaces, they are more prone to adhesion of partially-wetted particles under a turbulent regime. Agglomerates show increased detachment rates due to turbulence and high shear, where the dimensionless Reynolds number (Re) is 3374 at rotary speeds of 400 rpm 35 . Figure 16 From Figure 19 it can be seen there is no correlation between mass gain and wetting properties of the anti-fouling surfaces, with very little deposition seen on surfaces. As deposition within the PbS precipitating system is adhesion driven, surface wettability has significantly less influence in a single phase system due to the low adherence of loose agglomerates; with topographical parameters such as roughness (Ra) and kurtosis (Rku) likely to have greater significance. Work by Charpentier et al. 21 shows that whilst turbulent flow conditions on a surface significantly increase scale build-up in precipitating carbonate and sulfate systems, primarily due to the increased transport and availability of solute ion embryos at the sample surface and heterogeneous crystal interface; anti-fouling surfaces immersed in preprecipitated carbonate and sulfate scaling brines under identical flow conditions show comparably negligible mass gain. Additionally, when adhesion of particles precipitated in the bulk phase is the sole mechanism for deposition, it has been shown that laminar flow (Re < 300) results in higher surface mass gain due to a reduction of the critical shear stress required for removal of loose agglomerates at the adhering surface 21 . 
PbS deposition in multiphase flow
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From Figure 24 it can be observed that there is a strong negative correlation between the water contact 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Hydrophobic fluoropolymer surfaces are wet by the oil present within the turbulent o/w emulsion, preventing the impaction of oil droplets encased by partially-wetted PbS particles. From Figure 25 it can be seen that the PbS particles stabilized within the o/w Pickering emulsion are highly oleophobic. The faster separation speed of the PbS micro-emulsion from the oil phase indicates that PbS particles display hydrophilicity, as the oil-water contact angle ( ow) is less than 90°.
Pre-precipitated PbS adhesion
Adhesion was predicted to be the sole mechanism by which PbS scale deposited on to surfaces within the scaling system, due to the spontaneous homogenous precipitation of scale within the bulk phase. Figure   26 and Table 9 show the degree of PbS deposition through mass gain measurements when new anti-fouling surfaces were inserted into the multiphase system post-experiment, and the test repeated in brine and oil with pre-precipitated PbS. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Deposition of PbS on anti-fouling surfaces in a pre-precipitated system follows a similar trend to that seen during initial multiphase scaling tests, with wettability characteristics of the coatings influencing degree of scale build-up. Upon comparison of Figure 21 and Figure 26 however, it can be seen there was generally less deposition on all surfaces in pre-precipitated systems. This may be explained through a significant proportion of existing PbS scale precipitated in the initial test being deposited onto the reaction vessel and initial samples during the first experiment. Consequently, there is less PbS within the system after a second test is carried out in a pre-precipitated system, reducing the likelihood of scale particles contacting the anti-fouling surface and forming deposits. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Coating
PbS Pickering emulsion rheology
Rheology measurements showed that breaking of the PbS Pickering emulsion occurred at very low shear values of approximately 0.1 Pa (Figure 27 ), whilst the shear wall stress at the interface of anti-fouling samples was calculated to be 0.17 Pa (Table 8) .
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DISCUSSION
Hydrophobic fluoropolymer surfaces have the ability to drastically reduce deposition in multiphase systems where homogeneously precipitated scales have hydrophilic properties. This is caused by oil wetting of hydrophobic surfaces and consequent formation of a protective barrier, shielding from impaction and adhesion of crystals that are partially or fully wetted to the bulk brine phase 37 .
Though the kinetics of salt precipitation may vary based on species and external conditions 38 , critical nucleus size of a given compound in solution generally decreases as a function of increasing critical SR 39 . When SRinitial is sufficiently high to prompt instantaneous nucleation in the bulk aqueous phase, depositional behavior by way of adhesion can be accurately predicted based on the wettability of foreign surfaces. As such, a relationship can be drawn between the SRinitial of a mineral salt, and the strength of the 'water contact angle vs. mass gain' negative correlation, in a brine to oil ratio of 95:5 (v/v), as seen in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 than PbS given an identical IAP, the thermodynamic driving force for nucleation to occur is significantly reduced compared to PbS. In systems prone to CaCO3 and BaSO4 scaling, the presence of a foreign surface within a system is likely to induce nucleation at degrees of super-cooling lower than those required for homogeneous nucleation, resulting in increased heterogeneous nucleation 34 . In both conventional and sulfide scaling systems, crystal growth after nucleation is likely to occur by way of Ostwald ripening mechanism 34, 43 .
PbS Characterization
Transmission Electron Microscopy (TEM) imaging revealed the size and morphology of precipitated nano-sized PbS particles, as presented in Figure 28 (i-iv).
Agglomerates 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 particles, agglomeration occurs through minimization of surface energy, as well as attractive Van-derWaals and electrostatic interactions between particles of a similar type 28 .
Individual crystals of PbS precipitated in the homogeneous single phase are of cubic morphology and range from 30-60 nm in diameter, as represented in Figure 28 (iii and iv). The PbS particles formed are therefore within the range of 20-100nm, as reported by Andritsos and Karabelas for spontaneous nucleation 16 . The very high SRinitial of PbS in the experimental system (SR=2.8x10 22 ) likely results in different growth velocities at crystal faces. This leads to curving of crystal edges and the formation of rounded rectangle to spherically shaped crystals, in contrast to CaCO3 crystals characterized by sharp, clearly defined edges due to significantly slower growth rates 44 .
Particle behavior and emulsion stability
Free energy of adsorption is strongest when particle contact angle at the interface is 90°, with larger particles having higher stability as a result of increased contact area with oil and water phases either side of the interface, as shown by capillary rise experiments carried out by Kirchberg et al. 27 on iron silicon (FeSi) and magnetite (Fe3O4). Consequently, the larger calcite crystal was expected to have higher stability at the o/w interface than PbS nanoparticles given ideal partial wetting. However, wetting of particles in both the oil and water phase has a significant bearing on interfacial stability, with too substantial a disparity between respective contact angles leading to total wetting and dispersion within one phase 24 . From literature, the water contact angle of a calcite particle is 6° 45 , with oil contact angle on cleaved calcite 81° in distilled water and 130° in 1M NaCl 46 . High hydrophilicity and low oleophilicity of calcite particles therefore leads to complete dispersion within the aqueous phase, with a negligible amount of crystals stabilized at the oil/water interface.
Intermediate hydrophobicity of PbS nanoparticles lead to formation of a Pickering emulsion stabilized between excess oil and water phases, creating a 'Winsor -type III' emulsion, as seen in Figure 25 (ii) 47 .
Mechanical strength of droplets is derived from aggregation of solid particles at the surface, with partially- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 wetted solid particles held together in a layer at the oil/water interface by attractive interactions such as capillary forces, with both intermolecular dispersion and electrostatic repulsion further influencing wetting and stability 24 .
Recent research by Kim et al. 26 has established the importance of the size of synthesized silicon particles, ranging from 5 nm to 80 nm, on Pickering emulsion stability and phase distribution in 'Winsor -type III' emulsions. The phase ratio of the 'stabilized emulsion' to oil and brine can be seen to decrease as particle size increases ( Figure 29 ).
Figure 29
Excess oil, emulsion, and excess brine phase separation (from Kim et al. 26 )
As PbS particles are thermodynamically stable between 25 and 80nm ( Figure 29 ), a persistent Pickering emulsion is formed within the reacting multiphase system (Figure 25 (ii)). As the oil phase is not completely emulsified, the separated oil enveloped hydrophobic surfaces present within the system, consequently creating a barrier that prevented emulsion sticking.
Single phase PbS deposition was driven by van der Waals (VDW), electrostatic double layer (EDL)
interactions and gravity. It has been shown that increased flow velocity ultimately reduces particle deposition, where particles are readily swept away resulting in reduced likelihood of contact with the coating surface 48 . Whilst the effect of surface forces is more apparent for smaller particles and deposition rate consequentially higher, the agglomeration of nanometric PbS (Figure 28(i) ) to clusters approximately 3 microns in diameter significantly reduces surface to volume ratio. Agglomeration can be explained by a measured PbS particle zeta potential of -8 mV at pH 5.2, where weak electrostatic repulsion force leads to dominance of VDW attraction between PbS nanoparticles. As such, deposition upon all anti-fouling surfaces at a Reynolds number of 3374 is negligible, as seen in Figure 16 .
In a PbS forming multiphase system, rheological measurements ( 
Industrial ramifications
Metal sulfide scales have been reported to deposit with increased severity towards the top of the production tubing as opposed to areas around the wellbore, where carbonate and sulfate scales are dominant. General consensus within the oil and gas industry is that, as with conventional scales, precipitation of PbS is a direct result of temperature and pressure reduction as produced flow reaches the upper part of the well, triggering the liberation of CO2 and a consequent pH increase 8 .
Though metal sulfide precipitation is strongly influenced by the temperature and pH of a system 6 , it is unlikely that even the severest of downhole conditions would be sufficient to solubilize PbS. Clever and Johnston state that the Ksp of PbS is 4.4x10 -21 mol 2 dm -6 at 473K, giving an SR of 5.13x10 13 at Pb 2+ cation concentrations as low as 50mg/L, typical of levels reported in the formation water of fields prone to metal sulfide scaling 8, 49 . Additionally, the deposition of PbS is driven by heterogeneous nucleation at approximately pH 1.7, with spontaneous precipitation occurring under pH conditions any higher 35 .
However, pH values of produced water cited in case studies of HT/HP sour reservoirs typically lie between 6 and 7 50 , falling as low as pH 5 under the most extreme of conditions 51, 52 .
The kinetic stability of o/w emulsions is drastically reduced by increased temperature, whereby the viscosity of the oil, water and properties of interfacial films are affected. Sharma et al. 53 showed that oil/water interfacial tension (IFT) of emulsions stabilized by 1% SiO2 nanoparticles underwent a sharp decrease at temperatures between 350 and 360 K, with droplet size increasing and the emulsion loosening and breaking as a result. In practicality, producing oilfield wells contain high levels of total dissolved solids (TDS), as well as surfactants, polymeric inhibitors, and other colloidal particles e.g. clay fines, that can all contribute to emulsion stabilisation. Furthermore, Sharma et al. 53 showed that 1 wt% SiO2 nanoparticle Pickering emulsions containing 0.22 wt% surfactant and 1 wt% NaCl are stable and able to withstand droplet agglomeration up to 379K. Whilst bottom-hole temperature (BHT) may be in the range of 423-478 K in a HT/HP system, it is conceivable that cooling of the produced oil and water stream to approximately 379 K may result in emulsion stabilisation. The temperature and location at which emulsion stabilisation occurs will be based on a multitude of variables, including colloidal characteristics, salt concentration, surfactant and polymer concentration and the temperature profile of the well in question 54 .
It is entirely feasible that PbS scale homogeneously precipitated in the wellbore deposits on surfaces and equipment towards the upper part of the production line as a result of the increased adhesion and deposition tendency of PbS particles in a stabilized Pickering emulsion. As temperature decreases up the production tubing towards the surface, loose, un-adhesive PbS agglomerates are adsorbed at the oil/water interface, with the impacting o/w emulsion droplets contributing to scale build-up on surfaces under a turbulent flow regime.
Calculation of parameters such as particle size and wettability, temperature, phase viscosity, pH, TDS downhole and temperature profile of the well may lead to the ability to predict the severity and location of sulfide deposits given development of a suitable scaling model. 
CONCLUSIONS
The role of a light oil phase with regards to deposition of in turbulent systems is significant. In carbonate systems, where heterogeneous nucleation is the predominant deposition mechanism, the influence of an oil phase is diminished. As homogeneous nucleation becomes prevalent due to heightened SRinitial of forming salts, both the influence of an enveloping oil layer and transport of partially-wetted scale particles become more substantial.
PbS scale is partially-wetted at the oil/water interface, in part due to the nanometric particle size as a result of spontaneous precipitation, leading to limited hydrophilicity, and consequently forming a stable o/w Pickering emulsion. Adsorption of partially-wetted PbS nanoparticles at the o/w interface of stabilized oil droplets within a turbulent multiphase regime prompts impaction upon surfaces, resulting in deposition.
In single phase systems, loose agglomerates of PbS acting through turbulent and gravitational deposition
show negligible deposition on all anti-fouling surfaces due to lack of adherence. The wettability of antifouling coatings correlate increasingly strongly with mass gain as the ratio of scale precipitated homogeneously within a multiphase system increases. Hydrophobic fluoropolymer coatings see negligible deposition on their surfaces in highly supersaturated multiphase systems e.g. PbS, as a result of an enveloping oil layer protecting from impaction of scale particle encased oil droplets upon their surface.
PbS scaling experiments within pre-precipitated brine showed that adhesion is the sole mechanism of scale deposition upon anti-fouling surfaces.
From approximate prediction of the scaling tendency of PbS in HT/HP wells at cation concentrations comparable to those in the field, it is highly probable that precipitation occurs instantaneously within the formation as soon as H2S diffuses into the aqueous phase. Reported deposition of PbS in the upper regions of the producing well indicate that, rather than heterogeneously precipitating as a result of SR increase due to reduced temperature and pressure, PbS Pickering emulsions are stabilized as a result of these physical changes, leading to adhesion. It is conceivable that, given a sufficient cation concentration and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 SR, deposition of other sparingly soluble inorganic scales such as ZnS can be explained via a similar mechanism.
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